Coherent exciton-phonon coupling in CdSe/ZnS nanocrystals have been investigated by temperature-dependent two-dimensional electronic spectroscopy (2DES) measurements. Benefiting from the ability of 2DES to dissect assembles in nanocrystal films, we have clearly identified experimental evidences of coherent coupling between exciton and phonon in CdSe/ZnS nanocrystals. In time domain, 2DES signals of excitonic transitions beat at a frequency resonant to a longitudinal optical phonon mode; in energy domain, phonon side bands are distinct at both Stokes and anti-Stokes sides. When temperature increases, phonon-induced exciton dephasing is observed with dramatic broadening of homogeneous linewidth. The results suggest exciton-phonon coupling is essential in elucidating the quantum dynamics of excitonic transitions in semiconductor nanocrystals.
I. INTRODUCTION
In the past three decades, semiconductor nanocrystals have attracted tremendous research attention as a model system to understand the physics of exciton confinement [1, 2] . Optical and electronic properties of semiconductor nanocrystals are controllable via the control of size, shape and crystallographic structures, making semiconductor nanocrystals promising for myriad optoelectronic applications including light-emitting diodes [3−5] , lasers [6, 7] , and photodetectors [8, 9] . In semiconductor nanocrystals, the fundamental properties are highly related to excitonic behavior. Arising from the three-dimensional size confinement, the excitonic transitions exhibit discrete levels. Hence, semiconductor nanocrystals are often quoted as "artificial atoms". The atom-liked quantum behaviors in these nanocrystals also stimulated rapidly-growing interest to explore the possibility of demonstrating solid-state nanocrystal devices for quantum information applications [10, 11] . Towards this end, it is essential to understand the quantum dynamics of excitonic transition in semiconductor nanocrystals.
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properties with sizes comparable to the exciton Bohr radius [12] . In the ensemble level, the size heterogeneity results in a broad inhomogeneous linewidth of the excitonic transition in CdSe nanocrystals [13−15] , hindering the probe of intrinsic dephasing process with conventional approaches. To address this issue, photoluminescence spectroscopy measurements have been carried out on single particle level [11, 16, 17] . It has been evidenced that the excitonic transition in single nanocrystals with efficient single-photon emission can be approximately described as quasi-two-level quantum system by properly accounting its coupling to the environment. Despite the fact that many fundamental properties have been uncovered by single-particle spectroscopy, the exciton dynamics, especially in ultrafast time scale (i.e., sub-picosecond), has been challenging due to the limitation of weak signal in individual nanocrystals. Two-dimensional electronic spectroscopy (2DES) can tackle this challenge with the ability to dissect assembles [13−15, 18−24] . The capability to overcome inhomogeneous broadening makes 2DES ideal to study the quantum dynamics of excitonic transitions in semiconductor nanocrystals. In general, 2DES measures the electric field of a coherently generated four-wave mixing (FWM) response as a function of two time variables: the delay τ between two excitation pulses and the time t over which the FWM signal is emitted [19, 22] . The Fourier transform with respect to the two time variables generates the signal of 2D spectrum as a function of two frequencies, i.e., an excitation frequency (ω τ ) and an emission frequency (ω t ) [24] . The 2D spectrum probes the members of the ensemble in multiple time points, which can principally extract the information of individual nanocrystals [24] . More importantly, the signal of a 2D spectrum accesses not only the populations occupied at each states but also the quantum coherence between these states [25] . The dynamics of population and coherence can be studied by recording 2D spectra as a function of population delay (T ) between the second and third pulses, which are informative for describing the quantum dynamics of nanocrystals [14, 15, 20, 22, 26] .
In this work, we study the coherent exciton-phonon coupling in CdSe/ZnS nanocrystals by temperaturedependent 2DES measurements. We have observed experimental evidences of coherent exciton-phonon coupling with 2D signal beating at the frequency of LO phonon mode in time domain and phonon side bands in energy domain. When temperature increases, phononinduced exciton dephasing is clearly observed with dramatic broadening of homogeneous linewidth. The results suggest exciton-phonon coupling plays a key role in determining the quantum dynamics of excitonic transitions and optical properties in semiconductor nanocrystals.
II. EXPERIMENTS

A. Samples
The CdSe/ZnS nanocrystals used in the experiments were obtained commercially. The lowest excitonic transition |X 1 ⟩ (1S (3/2) (h)-1S(e)) is ∼2.01 eV at room temperature. We prepared thin-film samples by the spincoating approach for measurements at cryogenic temperatures. The substrate of a 0.4 mm-thick sapphire plate was chosen to ensure good thermal conduction at low temperatures. The thickness of the film sample was calibrated by the absorption at the lowest excitonic transition. The data reported in this work were recorded from a film sample with optical density of 0.3 at the excitonic resonance.
B. 2DES measurements
We utilized a broadband 2DES setup developed in our group recently [27] . Breifly, the setup is configured in a pump-probe geometry with active phase locking approach as described previously (FIG. 1(a) ) [27] . Two home-built nonlinear optical parametric amplifiers (NOPAs) pumped by a 1 kHz commercial regeneration amplifier (Libra, Coherent) at 800 nm were used as the light sources. The output beams with tunable spectral coverage were compressed by a pair of chirped mirrors and a quartz wedge pair to near transform limit with temporal pulse duration of ∼7 fs. The output from one NOPA was employed to gen- erate the two phase-locked collinear excitation pulses (1&2, FIG. 1(a) ) with desired temporal delay τ . The phase stabilization was achieved with the interferogram signal of a co-propagated cw beam in Mach-Zehnder interferometer by active feedback electronics [28] . The output from the other NOPA was adopted as the third probe pulse (3, FIG. 1(a) ), which is also employed as the reference beam (Ref. , FIG. 1(a) ), i.e, the local oscillator for heterodyne detection of FWM signal. The interferogram between the signal and the local oscillator was analyzed by a silicon CCD (S11071, Hamamatsu) coupled to a monochromater in a pulse-to-pulse mode enabled by a custom-designed control board from Entwicklungsbuero Stresing. The spectral resolution is ∼7 meV with a 300 g/mm grating for covering the whole probe wavelength range.
To obtain the population dynamics, we scanned population time T up to 400 ps. The samples were mounted in a cryostat (MicroHe, Oxford) for temperaturedependent experiments. The spectra of pump and probe beams were set to cover the two absorption peaks of the CdSe/ZnS nanocrystals (FIG. 1(b) ). The pump fluence at the sample was kept to below 20 µJ/cm 2 to minimize the effect of exciton-exciton interaction. The overall temporal resolution of our setup is better than 10 fs in population decay. We checked the polarization dependence and found the major feature of absorptive 2D spectrum of CdSe/ZnS is insensitive to the polarization configuration. The data shown in this work were recorded with the cross polarized pump and probe beams.
III. RESULTS AND DISCUSSION
FIG . 2 shows the results of a 2DES measurement on CdSe/ZnS nanocrystals at 4.2 K. The absorptive 2D spectrum (FIG. 2(a) ) recorded at a population decay T =150 fs shows the resonant transition energy of the |X 1 ⟩ exciton is 2.06 eV, which is slightly blue shift with respect to that at room temperature (FIG. 1(b) ). The second excitonic transition peak |X 2 ⟩ appears at 2.20 eV, which has been frequently assigned to a higher excitonic transition (2S (3/2) (h)-1S(e)) [29] . We plot the dynamics of the diagonal and anti-diagonal signals resonant to |X 1 ⟩ and |X 2 ⟩ transitions marked at A, B, C, & D in FIG. 1(a) . The simultaneous buildup of the signal at C suggests the coherent electronic coupling between the |X 1 ⟩ and |X 2 ⟩ transitions, which is reasonable since the two excitonic transitions share the same excited levels (1S(e)).
The dynamic of peak A clearly shows a slow decay at late stage and a rapid oscillation in the first 5 ps. The slow decay component is related to the exciton recombination in CdSe/ZnS nanocrystals, which is in a timescale of nanoseconds and beyond the delay range in this experiment. The fast oscillation frequency is estimated to be ∼218 cm −1 , which is close to a longitudinal optical (LO) phonon mode in CdSe/ZnS nanocrystals [14, 30] , implying the coherent exciton-phonon coupling is a possible reason for the oscillatory behavior. This assignment is further confirmed by observation of two sidebands in the 2D spectrum with energy below and above the major excitonic feature A, respectively (FIG. 2(a) ). We plot in FIG. 2(c) the spectra of vertical and horizontal slices in the 2D spectrum to show the fine features of the emission and excitation spectra. The two side peaks are the same energy and different from the major peak A in both emission and excitation spectra. The energy shift is ∼26.5 meV, agreeing well with the oscillation frequency (∼218 cm −1 ). Moreover, the 2D signals probed on the sideband peaks (E & F, FIG. 2(b) ) show oscillations at the same frequencies. These coincidences clearly indicate the observed result is tightly related to the coherent coupling between exciton and LO phonon mode. The two side peaks can be assigned to the phonon sidebands (i.e., |X 1 ⟩+LO, and |X 1 ⟩-LO states). These fine structures cannot be distinguished in 1D absorption/emission spectra due to the broad inhomogeneous linewidth since 1D absorption/emission spectrum is a projection of 2D spectrum in the frequency domain of excitation/emission, respectively [12] .
Next, we try to understand the effect of excitonphonon coupling on the quantum dephasing dynamics of excitons. On this issue, 2D spectrum is much more informative than conventional 1D spectrum. The signal is narrowly distributed anti-diagonally but broadly distributed diagonally, representing the homogeneous and inhomogeneous linewidths of the measured system [31] . In the impulsive pulse approximation, the homogeneous linewidth is proportional to the full-width at half maximum (FWHM) of anti-diagonal profile (i.e. γ∝FWHM/2 √ 2) [32, 33] . The homogeneous linewidth directly reflects the dephasing process of excitonic transitions in CdSe/ZnS nanocrystals, which describes the difference between the excitonic transition and an ideal two-level quantum system. The presence of phonons due to lattice vibration is one major difference between the two-level systems in atoms and semiconductor nanocrystals, which is likely to be the major difference in the resonance broadening mechanism. We study the dephasing induced by the exciton-phonon coupling by performing the temperature-dependent 2DES measurements. In FIG. 3 , we show the 2D spectra of the same sample at different temperatures, respec- tively. When temperature increases, the linewidth of anti-diagonal profile becomes broader as a clear signature of photon-induced dephasing of excitonic transition. At higher temperatures, the phonon sidebands are mixed with the resonance |X 1 ⟩ signal as shown in the anti-diagonal profiles recorded at different temperatures (FIG. 4(a) ), which is probably the reason why the phonon sidebands have never been reported in previous 2DES measurements on CdSe/ZnS nanocrystals [14, 15, 19] .
To quantify the role of phonons, we plot FWHMs of the anti-diagonal profile as a function of temperature in FIG. 4(b) . The FWHM increases from ∼7 meV at 4.2 K (limited by the instrumental limit) to ∼143 meV at 300 K, clearly indicating the increasing of homogeneous linewidths when more phonons are activated with increasing temperature. Notably, in the low temperature range (<100 K), the linewidth is linear dependent on the temperature. By assuming the major dephasing mechanism to be the scattering with acoustic phonons, such behavior can be understood within a single-phonon scattering model [34] . In this scenario, the temperature dependent linewidth can be expressed as γ(T )=γ(0)+γ ′ T , where γ(T )∝FWHM(T )/2 √ 2 is the linewidth at temperature T , γ(0) represents the residual line width at zero temperature and γ ′ denotes the electron-phonon coupling strength. Fitting to the experimental data (red line in FIG. 4(b) ) in the temperature range <100 K, the values of γ(0) and γ ′ can be roughly estimated to be ∼1 meV and ∼36 µeV/K, respectively. These values are comparable to the typical values in semiconductors like GaAs and transition metal dichalcogenides [31, 35, 36] .
Coherence of lattice vibration in the CdSe/ZnS nanocrystals at room temperature has been widely studied by several groups using 2D spectra and pumpprobe techniques [12−15, 18, 23, 25] . It has been demonstrated that the size of the nanocrystals and the type of the ligands may affect the vibrational coherence in this system [12, 14] , while the effect of temperature has been rarely explored. We focus on studying the temperature-dependent beating behavior related to LO phonon mode to study coherent lattice vibration in this system (FIG. 5(a) ). The decoherence process is directly reflected by the linewidth of LO mode of ∼218 cm −1 . The FWHM of the peak of LO mode at 218 cm −1 remains to be nearly independent of temperature with a value of ∼8.7 cm −1 which is comparable with the value measured by another approach [12] . These results suggest that the decoherence process of lattice vibration is insensitive to temperature in CdSe/ZnS nanocrystals. Nevertheless, the amplitudes of the oscillatory component decrease dramatically at higher temperatures, which may be caused by the fast electronic dephasing at room temperature. In addition, the frequency of the LO phonon mode in the CdSe/ZnS nanocrystals decreases dramatically when temperature increases, which is comparable with the temperature-dependent Raman scattering measurements in many solids [37, 38] .
IV. CONCLUSION
In this work, we have performed temperaturedependent 2DES measurements to study coherent behavior of exciton-phonon coupling in CdSe/ZnS nanocrystals. The coherent coupling between exciton and phonon is manifested with 2D signal beating at the frequency of LO phonon mode in time domain and phonon sidebands in energy domain. When temperature increases, the decoherence of lattice vibration DOI:10.1063/1674-0068/30/cjcp1711222 c ⃝2017 Chinese Physical Society is likely to be independent of temperature; However, the homogeneous linewidth of excitonic transition becomes broader due to phonon-induced exciton dephasing. The results suggest exciton-phonon coupling is essential in determining the quantum dynamics and optical responses of excitonic transitions in semiconductor nanocrystals.
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